Objective: Medullary thyroid carcinoma (MTC) is often associated with gain-of-function mutations in the RET proto-oncogene, which is found in all hereditary cases and most sporadic cases. The activated RET receptor tyrosine kinase can be inhibited by tyrosine kinase inhibitors in vitro. We evaluated the efficacy of treatment with imatinib mesylate, a tyrosine kinase inhibitor, in patients with advanced MTC.
Introduction
Medullary thyroid carcinoma (MTC) is sporadic in 75% and hereditary in 25% of all cases. The familial variety of MTC is inherited as an autosomal dominant trait and is associated with the multiple endocrine neoplasia (MEN) type 2 syndrome. Germline mutations in RET proto-oncogene cause the inheritance of the MEN2 syndrome, but somatic mutations in the RET gene have been found in many sporadic cases of MTC (1, 2) . The RET gene encodes a transmembrane tyrosine kinase receptor, which is constitutively activated by the mutations observed in MEN2, and is involved in the pathogenesis of MTC. Prophylactic surgery in carriers of RET mutations has significantly improved the prognosis of MEN2 patients (3) . Patients with sporadic MTC, however, are often incurable because the cancer is not diagnosed until after it has metastasised. Systemic therapies like chemotherapy have not been effective in treating this disease (4) . Recently, various kinds of therapeutic approaches such as tyrosine kinase inhibition, gene therapy, monoclonal antibodies against oncogene products, and nuclease-resistant aptamers that recognise and inhibit RET have been developed (5) .
Targeted therapies, such as tyrosine kinase inhibitors, are used in chronic myelogenous leukaemia (CML) and gastrointestinal stromal tumours (GIST) with good results (6) (7) (8) . RET appears to be an excellent target for tyrosine kinase inhibitors like STI 571, ZD6474 and BAY 43-9006 (9) , some of which are also effective inhibitors of vascular endothelial growth factor receptor 2. The growth of an MTC cell line (TT, human MTC cell line with a cys634trp heterozygous mutation) has been inhibited by different tyrosine kinase inhibitors in vitro and in an in vivo xenograft model (10) (11) (12) . Imatinib (STI 571) inhibited the RET phosphorylation in two MTCderived cell lines in a dose-dependent manner (12) . However, the IC 50 , the concentration that causes 50% growth inhibition of imatinib necessary to inhibit RET in vitro is high when compared with other smallmolecule kinase inhibitors of RET activity (5, 9) . In 2002/2003, when this study was initiated, imatinib was the only substance to be used in humans with CML and GIST (6) (7) (8) .
In this study, we treated nine patients with advanced, progressive MTC with imatinib mesylate to evaluate its activity in this tumour type.
Subjects and methods
The study was approved by the institutional review board of the University of Heidelberg (no. L-331/2003) and written informed consent was obtained from all patients before they were enrolled in the study. In this preliminary study, a maximum of 10 patients was planned to be included.
Patients
Nine patients aged more than 18 years with a histologically confirmed diagnosis of metastatic MTC that was progressive and unresectable were eligible for the study. Criteria for inclusion were at least one measurable lesion, adequate performance status (Eastern Cooperative Oncology Group grade 0-3), and adequate hepatic and renal function.
Study design
An open-label clinical trial was designed to evaluate the activity of imatinib mesylate inducing objective responses in metastatic MTC. The primary end point of this study was evidence of anti-neoplastic activity as measured by objective tumour response. The secondary efficacy parameters were changes in metabolic profiles assessed by 18 F-fluoro-2-deoxy D-glucose position-emission tomographic scanning ( 18 F-FDG PET), changes in the tumour markers calcitonin and carcinoembryonic antigen (CEA) and safety and tolerability assessments. Patients received imatinib mesylate 600 mg/day orally as three 100 mg capsules taken twice daily with food. Patients were treated for up to 12 months. Treatment after completion of the study was at the discretion of the investigator. Patients had regular physical examinations, evaluation of their performance status, and complete blood chemistry at baseline, 1 month, 3 months and every 3 months thereafter. The study was designed by the principal investigator in collaboration with Novartis.
Assessment of response evaluation and toxicity
Tumour responses were evaluated by computed tomography after 3 months, 6 months and then every 6 months afterward. Assessments were performed according to the RECIST standard and based solely on computed tomography (13) . The sum of the longest unidimensional diameter of up to 10 lesions was selected at baseline to be measured throughout the study. Responses were classified as follows: a complete response (CR) was the disappearance of all target lesions; a partial response (PR) was a decrease to !30% of the sum of the longest diameters of the target lesions when compared with the sum of the longest diameter at baseline; stable disease (SD) was classified as meeting the requirements of neither PR nor progressive disease (PD); PD was defined as a 20% or more increase in the sum of the longest diameters of the target lesions when compared with the baseline assessment. The 18 F-FDG PET scanning was performed at baseline and after 1 month of treatment to assess changes in the metabolic profile of the tumour. Standard uptake values 'Baseline (SUV)' refers to the PET value prior to therapy. The reproducibility of serial PET measurements has been studied by Weber et al. showing a S.D. of the mean percentage difference of about 5-10%. Thus, for a 'typical' lesion, changes of a parameter of more than 20% are outside the 95% range for spontaneous fluctuations, and therefore can be considered to reflect true changes in glucose metabolism of the tumour mass (14) . In analogy to the RECISTcriteria for morphologic imaging, the sum of up to 10 accumulating lesions was compared prior with and during therapy. This strategy assumes that FDG uptake is mainly a marker of tumour viability. However, a decrease in the glucose metabolism in viable cells caused by the drug cannot be excluded and may contribute to changes in FDG uptake. The sum of SUV of up to 10 active lesions were compared, and the response was classified as a PR when there was a 15% decrease in the sum of SUV, or as PD when there was an increase of more than 25% in the sum of SUV or new lesions, SD and as when there was neither PD nor PR (15) .
The following criteria were used to define clinical response for calcitonin and CEA levels: CR was a decrease to undetectable levels; PR was a 25% or more decrease in serum tumour marker levels observed after 1 month, and then at 3-month intervals; PD was an increase of 25% or more; and SD was neither an increase to quality for PD nor a sufficient decrease to quality for PR. Calcitonin determination was done by chemiluminescence assay (Nichols Institut), normal range below 10 pg/ml. CEA determination was also done by chemiluminescence assay (Bayer Health Care), with a normal range below 5 ng/ml.
Safety assessments included an evaluation of adverse events, laboratory parameters, physical examinations and performance status. Toxic effects were graded according to the National Cancer Institute Common Toxicity Criteria, version 2 (16) .
In all patients, germline RET mutation analysis had been performed as previously reported (17) .
Results

Patients
Between February 2004 and December 2005, nine patients with advanced, metastatic MTC were included in this study (Table 1) . Eight patients had sporadic MTC with no germline mutation in the RET proto-oncogene, and one patient suffered from MEN2B with a typical mutation at codon 918 (patient no 6). In all cases, previous therapy included thyroidectomy and cervical lymph node dissection. Octreotide therapy in three patients had been stopped at least 3 months prior to the beginning of this study. The most common metastatic sites were the cervical lymph nodes (nZ9), lung (nZ7), liver (nZ5) and bone (nZ3). In all patients, the disease was progressive with growth of metastases (9-82% increase in tumour mass, RECIST criteria) within the past 12 months (Table 2) , and a doubling time of tumour marker levels of 6 months to 4 years (median 1.25 years; Tables 3 and 4) before beginning imatinib mesylate treatment.
Treatment
The follow-up of all patients ranged from 3 to 28 months (median 14 months), and the duration of imatinib mesylate administration ranged from 0.5 to 28 months (median 13 months). Five patients completed 1 year of treatment with imatinib mesylate. One patient died 4 months after initiation of therapy because of tumour cachexia and respiratory problems (patient no. 2). Another patient died after 7 months because of a metabolic disturbance (patient no. 9). No sign of tumour progression was observed in either patient. In another patient, therapy was stopped after 2 weeks because of worsening diarrhoea, and in an additional patient after 3 months because of progressive disease. Four patients continued to take imatinib for an additional 5-16 months and are still alive. Two patients died 7 (patient no. 4) and 17 (patient no. 7) months after termination of the study.
Tumour response
The objective tumour response determined by CT is shown in Table 2 . Because one patient discontinued treatment after two weeks due to diarrhoea, eight patients were evaluated for tumour assessment and had at least the first post-baseline assessment with computed tomography after 3 months. A complete or partial response was not seen. After 3 months of treatment, seven patients had stable disease and one patient had progressive disease and discontinued treatment. After 6 months, five out of the six patients were stable; one patient progressed, but remained on treatment. After 12 months, one patient was stable and four patients had documented progression. Overall, two patients had stable disease for 3 months, four for 6 months and one for 12 months. The patient taking imatinib mesylate for more than 12 months (patient no. 1) has experienced durable stable disease (by CT) for up to 28 months. This patient with the prolonged stable disease had also the lowest pre-therapeutic tumour growth. The median progression-free survival was 6 months. In one patient, progressive disease was seen after 3 months, in one patient after 6 months, and in three patients after 12 months of imatinib treatment. The 18 F-FDG PET proved to be a reliable indicator of tumour activity (Table 5 ). After 1 month of treatment, three patients showed decreased glucose uptake (SUV K17 to K48%), one patient progressed (SUV C28%), and in all others, stable disease could be documented.
The tumour marker calcitonin showed a shortlasting decrease (PR) in three patients after 1 month of treatment, but SD was observed in only one patient after 1 year, and PD in four patients (Table 3) . After 1 year, CEA increases (PD) were seen in three patients and SD in two patients ( Table 4 ).
The ECOG performance status was stable in most patients throughout therapy (nZ7), but performance status decreased in two patients with PD.
Treatment with imatinib mesylate was generally well tolerated. No grade 3 or 4 toxicities were observed. Treatment was stopped after 2 weeks in one patient because of worsening of pre-existing diarrhoea, and two short treatment interruptions occurred (3 days to 1 week) because of skin rash. Three patients had vomiting and abdominal pain, two had diarrhoea, and three had oedema, especially periorbitally.
Discussion
This open-label clinical study demonstrated that imatinib mesylate seems to be active in some patients with advanced, progressive MTC. Stable disease was achieved by seven out of eight patients after 3 months, but four patients progressed within 12 months and two deaths occurred. In one patient who continued the Summary of results  SD  4  3  1  2  2  PD  4  5  3  3  3 imatinib mesylate therapy, stable disease lasted for 28 months, but this patient with the prolonged stable disease also had the lowest tumour growth before initiation of imatinib mesylate. A rapid decline in the standardised uptake values of 18 F-FDG in tumour tissue after 1 month of treatment with imatinib mesylate was seen in three patients by PET scanning correlating to the decline in calcitonin levels. The initial decline in the tumour marker calcitonin might reflect an inhibition of secretion or synthesis without any effect on tumour mass. In patient no 8, during follow-up RECIST criteria showed progressive disease despite an early decrease in SUV and calcitonin level. After 1 year of treatment, only a few patients had stable disease as documented in all the parameters. Definition or documentation of response in slow growing tumours is difficult, especially in MTC were metastases often contain a large amount of amyloid or calcifications. This has to be taken into account when planning therapeutic studies.
MTC is a highly differentiated, slow growing tumour in most cases. Therefore, it is important to document the long-term outcome in order to show the beneficial effects of treatment. Despite extensive metastatic disease and local recurrence, only two patients died at 4 and 7 months after initiating therapy, because of respiratory problems due to local and lung metastases and metabolic disturbance respectively. These results are consistent with a preliminary study done by Zonenberg et al. (18) , who also observed long-term stable disease with imatinib mesylate treatment over 18 months in 4 out of 15 patients with advanced MTC. No remission of the tumour was observed. In another preliminary phase 2 study using imatinib mesylate in 15 patients with advanced endocrine tumours, disease progression was seen in four out of six patients with MTC (19) .
The standard procedure for MTC is surgical resection of the tumour and local metastases, although in many cases, this procedure is not curative and additional metastectomies do not improve survival. Current systemic therapies, especially in advanced tumour stages, such as chemotherapy or octreotide, are ineffective. New targeted therapies, which disrupt signalling pathways inappropriately activated in cancer cells, leaving normal cells relatively unscathed, like protein kinase inhibitors, offer new therapeutic opportunities (8, 9) . One of these targeted therapies is imatinib mesylate, a tyrosine kinase inhibitor, which has become the standard treatment for chronic myelogenous leukaemia and GIST (6, 7, 20) .
Achievement of transient SD (median 6 months) in our patients cannot be definitively attributed to imatinib mesylate, given the single-arm study design, the small series and the relatively slow-growing nature of this disease. In patients with sporadic MTC, only 40-60% somatic RET mutations are found, this might be one explanation for reduced effectiveness of tyrosine kinase inhibition therapy. Although no remissions were observed, some patients had durable evidence of a stable disease that lasted more than 6 months with few side effects. The other patients may have developed early resistance to imatinib mesylate. An explanation may be that in advanced MTC multistep carcinogenesis may make tumours independent of the initial germline/somatic RET mutation. Other molecular mechanisms of resistance in these patients have to be discussed. It is not clear if imatinib acts directly on RET tyrosine kinase, which is involved in tumour development in MEN2 patients and might be responsible in some respect for tumour genesis in sporadic MTC or other downstream intracellular mechanisms. Suppression of RET activity arrests the growth of MTC cells in vitro and in human MTC cell xenografts (11) by inhibition of the wild-type enzyme as well as most of the mutant, activated forms of RET. Interestingly, RET proteins carrying mutations at residue V804 are resistant to the tyrosine kinase inhibitor ZD6474, and this residue seems to have a gate-keeper function (21) . V804 mutations are present alone or with other RET mutations in hereditary as well as somatic mutations in sporadic cases. Selection of cells harbouring a RET mutation resistant to tyrosine kinase treatment might be an explanation for primary resistance in MTC. Another explanation for the relatively poor outcome may be that the dose of imatinib mesylate was too low to inhibit RET activity or phosphorylation, as suspected from in vitro studies (12) . In comparison to other small-molecule kinase inhibitors of RET activity, imatinib exerts a low inhibition effect. The in vitro IC 50 concentration required to inhibit RET activity is 10 mM compared with e.g. 100 nM using ZD6474 (9) .
The power of this preliminary study is limited by the small number of patients, the rareness of the disease and the slow growing nature of the tumour. This small study allows no final conclusion. Careful studies with more potent or specific RET tyrosine kinase inhibitors as well as better molecularly defined patients for treatment are necessary for improving the anti-tumour effect. Estimating the benefits of treatment in terms of stable disease or progression-free survival requires large multicentric randomised trials versus placebo and patients should be included in prospective multicentre trials that are in progress. Overall, imatinib was well tolerated with side effects similar to those reported in large populations of chronic myeloid leukaemia and GIST patients. In contrast to CML, myelotoxicity was not observed. The most significant adverse effects were gastrointestinal problems such as diarrhoea, vomiting and abdominal pain, and facial oedema, especially periorbital oedema. Most of these adverse effects were of short duration and not severe. Since diarrhoea is one of the clinical signs of advanced disease in MTC, it is difficult to differentiate between the toxic effects of imatinib and disease symptoms. Three patients had no side effects from imatinib treatment.
The current findings suggest that new targeted therapies with tyrosine kinase inhibitors like imatinib might be a good way to overcome the therapeutic nihilism in advanced MTC with tolerable side effects, but careful study of molecular mechanisms will be needed in order to reinforce the anti-tumour activity. 
